An investigation was performed of the changes in image quality and patient dose as a result of increasing filtration for fluoroscopy performed under automatic brightness control. Filtration was added either at the x-ray tube housing ͑i.e., scatter-free geometry͒ or adjacent to a tissue equivalent phantom simulating the patient ͑i.e., with-scatter geometry͒. Patient doses were expressed in terms of the total energy imparted to patients simulated by either a 10 cm ͑i.e., pediatric͒ or 20 cm ͑i.e., adult͒ acrylic phantoms. Changes in image quality were determined by measuring the relative visibility of circular disks in a Leeds Test Object 10 contrast-detail phantom. In the scatter-free geometry, the addition of 4 mm Al filtration reduced the energy imparted by 27% ͑10 cm phantom͒ and 20% ͑20 cm phantom͒. In the with-scatter geometry, the corresponding reductions in energy imparted were 17% and 9% for the 10 and 20 cm phantoms, respectively. The visibility of low contrast disks generally decreased as the thickness of the added aluminum increased but the location of the added Al ͑i.e., with-scatter or scatter-free geometry͒ had no significant effect on the resultant image quality. These results demonstrate that the use of patient support pads with a thickness of ϳ4 mm Al will generally have an adverse impact on fluoroscopic image quality and result in modest reductions ͑ϳ10%͒ of adult patient doses. © 1997 American Association of Physicists in Medicine. ͓S0094-2405͑97͒01403-X͔
I. INTRODUCTION
In diagnostic radiology, an increase in x-ray tube voltage and/or x-ray beam filtration will normally affect patient dose as well as the corresponding image quality. A higher x-ray beam quality, specified as a half-value layer and expressed in mm aluminum, results in a more penetrating beam. The exposure level at the image receptor is normally kept constant to maintain a fixed film density or image intensifier output signal. Any increase in x-ray beam quality will thus result in a reduction to the entrance skin dose and energy imparted to the patient. 1, 2 Subject and image contrast are also reduced with increasing beam filtration and/or x-ray tube voltage for most radiographic and fluoroscopic x-ray examinations. 3, 4 As a result, changing the x-ray beam quality requires a direct trade off between radiation dose and image quality in diagnostic radiology. Optimization of filtration and x-ray tube potential for a given type of radiographic examination needs to take both these factors into account. 5, 6 Surgical procedures, which may include the use of fluoroscopy, can be extensive in time and often results in significant pressure sores. 7, 8 To overcome this problem, gel pads may be used since they have been shown to significantly improve patient comfort. Gel pads with a thickness greater than 4 mm Al equivalent, measured at 100 kVp, have been reported. 9 Use of these patient support pads in fluoroscopy can increase both x-ray beam filtration as well as the x-ray tube kVp when used in automatic brightness control mode of operation. These patient support pads will therefore be expected to result in an increase in x-ray beam quality. Unlike conventional added x-ray beam filtration, which is added at the x-ray tube housing, most of the forward scattered radiation arising from interactions in the support pads will impinge on the patient. In addition, scattered radiation may also reach the image receptor which could degrade the fluoroscopic image quality.
In this study, we investigated the effect of added filtration in fluoroscopy performed under automatic brightness control mode of operation. Filtration was added either at the x-ray tube housing ͑scatter-free geometry͒ or adjacent to a tissue equivalent phantom simulating the patient ͑with-scatter geometry͒. The effect of adding filtration in each one of these two locations on the values of relative patient dose and image quality was investigated. Patient dose was expressed in terms of the energy imparted to the patient, simulated by either a 10 cm ͑i.e., pediatric͒ or 20 cm ͑i.e., adult͒ thick acrylic phantom. 10, 11 Changes in image quality were determined by measuring the relative visibility of disks in a commercial contrast-detail phantom, the Leeds Test Object ͑LTO͒ 10.
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II. METHOD
A. X-ray equipment
A Siemens Polystar fluoroscopy unit ͑Siemens Medical Systems, Iselin, NJ͒, operated in automatic brightness control, was used in this experimental work. The x-ray unit employed a high frequency voltage generator, a Megalix 125/ 40/82 x-ray tube, and an Optilux 40-4 HD image intensifier. The video chain consisted of a Videomed H1X Saticon TV pickup tube and the image was displayed on a Sinomed 54 cm monitor. Figure 1 shows the kVp vs mA fluoroscopy curve used by this imaging system as supplied by the manufacturer. Phantom material for simulating a patient consisted of 2.5-cm-thick slabs of Lucite ͑methyl methylacrylic͒ with a density of 1.19 g/cm. Phantom thicknesses of 10 and 20 cm were used to simulate pediatric and adult patients, respectively. Figure 2 shows a schematic of the experimental setup for a 20-cm-thick patient. Measurements were made with up to 6 mm of added aluminum filtration located either at the x-ray tube collimator ͑scatter-free geometry͒ or the entrance of the phantom ͑with-scatter geometry͒.
B. Image quality
Relative changes in image quality were measured using a LTO 10 phantom, containing 12 groups of objects ranging from 0.75 to 11 mm in diameter. The circular disks are made of different materials and thicknesses to give different levels of contrast when the test phantom is placed in the x-ray field and viewed on a monitor. 12 Image quality was taken to be the total number of disks visible in the displayed image of the LTO 10 phantom during fluoroscopy. Figure 2 shows the location of the LTO 10 phantom attached to the center of the image intensifier which was used in the 20-cm-diam mode. The number of disks seen in the images of the LTO 10 phantom in these experiments ranged from 30% to 55% of the total number ͑108͒ actually present.
Five readers recorded the total number of disks visible in each group of the LTO 10 phantom. Viewing was done during live fluoroscopy and images were displayed in a darkened room on an optimized display monitor. Readers were allowed to allocate a score of 0.5 to poorly visualized disks. Two readers also made ten additional observations each of disk visibility in the LTO 10 phantom image with 4-mmthick Al filter. The location of the added filter was randomly varied between the scatter-free and with-scatter positions ͑see Fig. 2͒ .
C. Radiation dosimetry
The energy imparted to a water phantom, ⑀, can be expressed as
where is a parameter which converts the area-exposure product into energy imparted to the phantom and which depends on the x-ray kVp, beam quality ͑HVL͒ and the phantom thickness, X is the exposure (R) at the phantom surface measured without the phantom being present ͑i.e., free-inair͒, and A is the corresponding x-ray beam cross-sectional area ͑cm 2 ͒. The subscripts p and s refer to the primary and scatter components of a filtered x-ray beam. For the scatterfree geometry, only the primary beam contributes to the energy imparted to the phantom. Use of the with-scatter geometry results in an additional contribution from scattered radiation as given by the term X s in Eq. ͑1͒.
The parameter is given by
where HVL is the measure half-value layer for the appropriate primary or scatter component of the x-ray beam and ␣ and ␤ are parameters which depend on the x-ray beam kVp and phantom thickness. 13, 14 Figure 3 shows the computed values of the parameter for the ͑primary͒ Polystar x-ray output as a function of applied kVp for 10 and 20 cm water phantoms. No corrections were made to the data shown in Fig. 3 to account for the different densities of water and acrylic as we are only interested in the relative values of energy imparted to the simulated patient. In general, increases with increasing kVp, HVL, and phantom thickness.
During fluoroscopy with a given combination of phantom thickness and added Al filtration, the x-ray technique factors selected by the Polystar were locked in place after the system stabilized. Subsequent measurements of exposure and x-ray beam HVL were done using these technique factors, but with the Polystar unit operated in manual mode. The primary beam exposure (X p ) at the phantom entrance was determined in the scatter-free geometry using a MDH 1015 ͑Radcal Corporation, Monrovia, CA͒ exposure meter with a 10ϫ5-6 chamber. Moving the Al filter adjacent to the ionization chamber resulted in a measured exposure which included primary and scatter ͑i.e., X p ϩX s ͒. The entrance skin exposure due to the scatter radiation from the Al filter (X s ) was obtained by subtracting the primary exposure from the corresponding primary plus scatter exposure measurement. Five separate measurements of each exposure value were taken and the corresponding mean value and standard deviation ͑͒ were computed.
The scatter component was studied theoretically by employing x-ray spectra calculated using the model developed by Tucker et al. 15 The number of scattered photons produced by an aluminum filter with thickness t mm was determined using the Compton scattering theory of Klein and Nishina. 16 The small contributions of coherent scatter and multiple scatter in the Al were neglected. For each incident photon energy, the number and corresponding energy of the scattered photons at each angle were obtained using the Compton scatter cross section data of Evans 16 and computed at 1°intervals between 0°and 90°. 17 The total scatter was obtained by summing the contributions from all the photons in the primary x-ray spectrum.
The HVL of the primary photon beam, corresponding to X p , was measured directly for the scatter-free geometry. The half-value layer of the computed scatter spectra were obtained using an iterative procedure to find the thickness of Al which reduced the exposure from the x-ray spectrum by 50%.
13 Figure 4 shows the calculated HVL values for both the primary and scatter components of an x-ray beam filtered by 2, 4, and 6 mm added Al filtration where the initial x-ray spectrum was generated by a tungsten target ͑ϩ10% rhenium atoms͒, a 12°anode angle, and 3 mm inherent aluminum filtration.
III. RESULTS
The technique factors selected by the automatic brightness control system during fluoroscopy are listed in Table I . 4 . Calculated HVL vs kVp for the primary and scattered x-ray components as transmitted through the specified amounts of added aluminum filtration.
The corresponding low contrast detection results for each of five observers for the LTO 10 phantom images are given in Table II . The average number of visible disks decreased with increasing thickness of the added Al. Also shown are the statistically significant results of a paired t-test analysis performed using the differences between the number of disks seen with no added Al and the number seen with the specified amount added Al. Table III summarizes the results obtained for two readers who read the images of the LTO 10 phantom with 4 mm Al randomly positioned in the scatterfree and with-scatter locations. The differences between the two filter locations shown in Table III were not statistically significant. Table IV lists the measured HVLs and free-in-air entrance exposure rates for both the scatter-free and with-scatter geometries. Figure 5 shows the corresponding values of energy imparted to each phantom as a function of added Al filtration for both with-scatter and scatter-free geometries. The error bars shown in Fig. 5 correspond to the computed standard errors associated with five repeat readings. For the scatterfree geometry, the addition of 4 mm Al filtration reduced the energy imparted by 27% ͑10 cm phantom͒ and 20% ͑20 cm phantom͒. For the with-scatter geometry, the corresponding reductions in energy imparted were 17% and 9% for the 10 and 20 cm phantoms, respectively.
IV. DISCUSSION
The ␣/␤ parameters used in Eq. ͑2͒ were derived for use with conventional clinical x-ray spectra and give rise to parameter values with uncertainties of ϳ1%.
14 Use of this equation for the scatter component was empirically validated by comparing the values of obtained using Eq. ͑2͒ for scatter spectra with those obtained using analytical values for monoenergetic photons. 13, 17 The average difference in the values for these two methods for three scatter spectra at x-ray tube voltages of 60, 80, and 100 kVp, and obtained with a 2 mm aluminum filter as the scattering material, was 0.2%. This excellent agreement demonstrates the validity of employing Eq. ͑2͒ for use with the scatter spectra investigated in this study. During fluoroscopy the automatic brightness control mechanism maintained a constant entrance exposure to the image intensifier. As the thickness of the added aluminum was increased, the Polystar increased the kVp and the mA along the curve depicted in Fig. 1 in order to maintain a constant exposure level at the image intensifier. Modern fluoroscopy systems such as the Polystar have a series of operator selected curves, analogous to the one shown in Fig.  1 , which permit either the image quality to be improved or the patient dose to be reduced. A vertical kVp vs mA curve, for example, would result in reduced patient dose at the price of reduced image quality whereas a horizontal curve would maintain image quality at the price of increased patient dose. The results obtained in this study pertain to the kVp vs mA curve used at our institution for adult patients. This kVp vs mA curve is an intermediate one between the two extremes which would solely focus on either the image quality or the patient dose.
The precision of the subjective image quality measurements are given in Table III with an average variability in the number of disks observed being about Ϯ1.1 where the total number of disks observed was ϳ53. The scores for the five readers listed in Table II , however, show larger absolute differences in disk visibility. This inter-reader variability is a well-known feature of image quality assessments obtained using contrast-detail phantoms and results from the adoption of variable decision thresholds by different readers. 18 The uncertainties associated with the exposure measurements are mainly due to errors in positioning the ion chamber and small fluctuations in fixing the x-ray technique factors. The average uncertainty in the entrance skin exposure for a simulated patient was ϳ5%. Decreases in image quality with added Al filtration as depicted in Table II are due to the increase in kVp and beam hardening. The automatic brightness control system increased the x-ray beam kVp to maintain a constant input exposure to the image intensifier as the aluminum thickness was increased. In addition, the aluminum placed in the x-ray beam hardens the x-ray beam. Both of these factors serve to increase the effective energy of the x-ray beam which results in a reduced subject contrast. As with most contrast-detail phantom studies, it is difficult to relate the loss of image quality for phantom studies as depicted in Table II to clinical studies. The importance of any loss of image quality will be generally task dependent and will likely affect the detection of subtle low contrast features to a greater extent than for high contrast features containing barium or iodine contrast.
Having the aluminum closer to the image intensifier could degrade the image quality if scatter from the aluminum reached the input surface of the image intensifier. Our experimental data, however, showed that the location of the added Al filtration did not have any significant effect on the resultant image quality. This result is not unexpected since there is a relatively large distance from the phantom surface to the image intensifier which will act as an air gap. This minimizes the number of scattered photons which could reach the image receptor. In addition, the image intensifier has a 17:1 grid ͑70 lines/cm͒ which would also serve to minimize the number of scattered photons reaching the image intensifier.
The relative increase in exposure ͑i.e., X s /X p ͒ due to scatter by the introduction of 2-6 mm Al was in the range of 0.1-0.25. As expected, the HVL of the scatter radiation was generally lower than that of the primary photon beam. With 2 mm Al filtration, the HVL of the scattered radiation was 15% lower than that of the transmitted primary radiation and with 6 mm Al filtration, the scattered radiation HVL reduced by 25%. At 80 kVp, a reduction of the x-ray beam HVL from 3 to 2.4 mm ͑i.e., 20%͒ would correspond to a reduction in the parameter by 12% and 14% for 10 and 20 cm water phantoms, respectively.
Energy imparted is better than the entrance skin exposure as an indicator of the patient dose and corresponding patient risk. 19 In this study, the dose savings associated with increasing filtration were much lower when expressed in terms of energy imparted than with the entrance skin exposure parameter. For example, adding 4 mm Al filtration in the scatterfree geometry reduces the entrance skin exposure for a 10 cm acrylic phantom by 50% but the corresponding reduction in energy imparted is only 27%. This finding is in very good agreement with published data and results from the fact that the entrance skin exposure fails to take into account the quality of the incident x-ray beam. 5, 6 The results of Fig. 5 show a monotonic decrease in the energy imparted as the aluminum thickness was increased. A linear curve fit show that in the scatter-free geometry, dose savings for adults were ϳ4.6%/mm added Al. In the case of with-scatter geometry, the corresponding dose savings were only 2.2%/mm added Al. For adult patients, the dose savings achieved using the with-scatter geometry are therefore about a factor of 2 lower than those obtained from using a scatterfree geometry.
The results in this study indicate that a 4 mm Al equivalent filter pad will have an adverse impact on image quality and likely reduce adult patient doses by ϳ10%. Clinical use of such pads should therefore require the patient benefits in terms of improved comfort, reduced risk of sores, and reduced patient dose to be weighted against the corresponding loss of image quality. In the absence of any knowledge of the specific imaging tasks required during patient fluoroscopy, general recommendations are clearly not possible. Nevertheless, the results obtained in this study show that patient dose savings are generally modest and unlikely to be a significant factor in any decision about the benefits to be achieved by the use of thick patient support pads. The use of these support pads will most likely be justified by arguing that any loss in image quality would be outweighed by the improved patient comfort and reduced risk of incurring pressure sores. of the LTO 10 phantom. We would also like to thank Cecile Mohr, Angela Properzio-Bruner, and Lynn Rill for their helpful discussion and comments. a͒
